Abstract In this study, nanocomposites were prepared using polylactic acid (PLA), fumed silica (fsi) and nanoclay through solution-intercalation film-casting technique. Thermo-mechanical and morphological properties of developed nanocomposites were successively characterized by scanning electron microscopy (SEM) analysis, tensile test and thermogravimetric analysis (TGA). Throughout the findings, it proved that 2 wt% of clays was the optimum filler loading compared to 5 and 10 wt% in the PLA-fsi-clay nanocomposites. Furthermore, among the clays used, clay (1.28E) showed the better performance compared to clay (1.34TCN) to be introduced in the nanocomposites. The incorporation of 2 wt% of clay (1.28E) showed the best compatibility with PLA-fsi matrix with smooth surface. Besides, 2 wt% of PLA-fsi-clay (1.28E) nanocomposite showed the highest tensile strength and modulus. TGA result showed that 2 wt% of clays especially clay (1.28E) had the highest thermal stability. Both clay and fumed silica were well intercalated with PLA matrix enhanced the thermo-mechanical and morphological properties of the nanocomposites.
Introduction
Polymer nanocomposites have been gradually noticed and researched due to their remarkable thermal and mechanical properties that they exhibit with respect to conventional polymer composites [1] . The incorporation of nanoscale filler into PLA is highly recommended as the PLA/nanofiller will improve physical, mechanical and thermal properties of the conventional PLA. The novelty of this research work is that the introduction of dual filler reinforced PLA nanocomposites enhanced the thermo-mechanical and morphological properties compared to single filler reinforced PLA nanocomposites as well as pristine PLA matrix. These nanocomposites can be applied as biomedical tools in medical sectors.
Polylactic acid (PLA) is linear aliphatic polyester that attracts the attention from both academic and industry researchers due to its renewability, biodegradability and biocompatibility [2] . It is commonly used in biomedical and also packaging applications. Due to the poor physical and mechanical properties of pure PLA, it should be further improved by introducing various types of filler.
Nowadays, fumed silica acts as nanofiller to be incorporated into polymer to produce polymer-silica nanocomposites. PLA/SiO 2 hybrids via sol-gel process showed improved phase compatibility with addition of 3-isocyanatopropyltriethoxysilane (IPTES) as silane coupling agent capable of creating covalent bonds between the organic and inorganic phases [3] . In addition twin-screw extruded PLAsilica nanocomposites showed significant improvement on thermal stability with qualitatively consistent in the increment of Tg [4] . Moreover, the addition of silica into PLA nanocomposite have been successfully synthesized by sol-gel process which improved the tensile strength and thermal stability of the nanocomposite [5] . PLA-silica nanocomposites were prepared by twin-screw extruder had better thermal stability compared to neat PLA [4] .
The drawbacks of pure PLA are poor thermal resistance and low mechanical properties compare to other polymer matrix [6] . The limitation of using PLA for wider industrial application can be overcome by incorporation of various form of clay into PLA at low levels. Montmorillonite (MMT) represents clay that is most frequently studied as an additive in PLA polymer systems. Melt compounded PLA/clay nanocomposites improved mechanical properties even with the addition of small weight percentage of clay [7] . Besides, thermal stability will be significantly improved by incorporating organically modified MMT into the polylactic acid/cocamidopropylbetaine (PLA/CAB) blend [8] . Different types of clay dispersion into polymer matrix have positive impact on the physical and morphological properties of the composites [9, 10] .
PLA nanocomposites prepared by solution casting method showed better thermal and barrier properties with the addition of silica. However, the mechanical properties of the nanocomposites decreased with the addition of silica [11] . Besides, the thermal stability of PLA-based nanocomposites did not improve significantly with the introduction of silica as the filler [12] .
Good elastic properties of melt intercalated polylactic acid/polycaprolactone/nanoclay (PLA/PCL/nanoclay) nanocomposites prove the better compatibility of the nanocomposites [13] . In addition, the organoclay made up of CAB-MMT was induced into PLA matrix that improved the thermal stability up to 4% [14] . CAB-MMT acted as intercalation agent and nucleating agent was highly dispersed in the PLA matrix without a large agglomeration of particles [13] . Moreover, silica (SiO 2 ) acted as compatibilizer and was induced into polylactide/low-dentsity polyethylene (PLA/LDPE) matrix. The compatibility between PLA and LDPE phases was improved and thus, the toughness and crystallinity were significantly improved [15] .
Polyaniline/Al 2 O 3 nanocomposites enhanced the physicochemical and thermal properties through chemical oxidation method. However, the electric conductivity of the nanocomposites still remained high conductivity [16] . Oxidative polymerization of p-anisidine/titanium (IV) oxide nanoparticles and in situ intercalative oxidative polymerization 2-aminophenol/polyaniline/modified montmorillonite nanocomposites successfully improved the thermal stability as well as the electrochemical properties [17] [18] [19] . Polyaniline-based nanocomposites also performed well in electrochemical as well as thermal properties with the addition of titanium carbide [20, 21] .
In this present work, solution-intercalation film-casting technique was used to produce PLA-fsi-clay nanocomposites using different types of clays (1.28E and 1.34TCN) with different weight percentage (2, 5 and 10 wt% ). Clay (1.28E and 1.34TCN) was selected as they helped to enhance tensile strength at low loadings and thermal properties as well as reduced the surface imperfections on the nanocomposites. Physical, mechanical and thermal properties of nanocomposites were investigated. The compatibility of different types of clay with various weight loadings PLA-fsi matrix was also investigated.
Experimental Materials
Silicon dioxide powders used was supplied by Sigma-Aldrich, United States of America with its particle size was less than 8 nm which was white to off-white in color. The chemicals used were polylactic acid (PLA) and dichloromethane which were supplied by Merck Millipore. Nanoclay, Nanomer (1.28E and 1.34TCN) were supplied by Sigma-Aldrich. Nanomer (1.28E) was montmorillonite clay surface modified with 25-30 wt% trimethyl stearyl ammonium. Nanomer (1.34TCN) was montmorillonite clay surface modified with 25-30 wt% methyl dihydroxyethyl hydrogenated tallow ammonium. All the nanoclay had the average particle size around 40 nm.
Preparation of nanocomposites by solution-intercalation film-casting technique
The polymer system was prepared using PLA, fumed silica and two types of nanoclay. All the nanocomposites were prepared as shown in Table 1 .
For each composition, 1 g of PLA was dissolved in 10 ml of dichloromethane. Clay dispersions were obtained by suspension of well-dried dichloromethane in a separate beaker. Calculations for varying final composite compositions were based on inorganic component of the modified clay thereby excluding the amount of organic modifier. Both the PLA solution and clay suspension were sonicated separately for 30 min with an ultrasonicator at room temperature and subsequently mixed. Fumed silica was kept constant at 0.05 g (0.2 wt% ) as it was observed to improve significantly in PLA matrix [11] . It was added before the final mixture was further sonicated for 30 min. The mixture was then cast on a glass surface and kept in a desiccator for controlled evaporation of the solvent for 2 days. An optically clear nanocomposite films with thickness ranging from 500 to 700 lm were obtained and subsequently dried at 80°C. under vacuum for 2 days. The nanocomposites were kept in desiccator for further characterizations.
Microstructural characterizations

Scanning electron microscopy (SEM)
The interfacial bonding between the polylactic acid, clay and fumed silica were examined using a scanning electron microscope (SEM) (JSM-6710F) supplied by JEOL Company Limited, Japan. The middle part of all the PLA-fsi-clay nanocomposites was extracted in the dimension of 5 9 5 9 5 mm (length 9 width 9 height). The accelerating voltage of this instrument was 15 kV. The specimens were first fixed with Karnovsky's fixative and then take through a graded alcohol dehydration series. Once dehydrated, the specimen was coated with a thin layer of gold before being viewed microscopically. The micrographs were taken at magnifications ranging from 250 to 1500.
Tensile testing
Mold shape thin films were cut with a rectangular die and tested in a Lloyd LRX (2500 N) materials testing machine at room temperature. The gauge length, width and thickness of the samples were 25, 4 and 0.15 mm, respectively. The cross head speed used was 1 mm/min. The quoted results were averaged over four specimens. 
Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) measurements were carried out on 5-10 mg of both PLA-fsi-clay nanocomposites at a heating rate of 10°C/min in a nitrogen atmosphere using a Thermogravimetric Analyzer (TA Instrument SDT Q600). PLAfsi-clay nanocomposites were subjected to TGA in high purity nitrogen under a constant flow rate of 5 mL/min. Thermal decomposition of each sample occurred in a programmed temperature range of 0-700°C. The continuous weight loss and temperature were recorded and analyzed.
Results and discussions Surface morphology (SEM) Analysis
The surface morphology of PLA-fsi-clay (1.28E) and PLA-fsi-clay (1.34TCN) nanocomposites was studied by Scanning Electron Microscopy (SEM). Figures 1a and 2a corresponded to the micrographs of PLA-fsi-clay (1.28E) and PLA-fsi-clay (1.34TCN) at 2 wt% clay loading. It was found that 2 wt% of PLA-fsi-clay nanocomposites appeared to have uniform and homogeneous dispersion without aggregation of fumed silica and clay [22] . This indicated the strong interfacial bondings were created between PLA-fsi matrix with 2 wt% of clays. However, the smoother surface was found for 2 wt% of PLA-fsi-clay (1.28E) nanocomposite compared to 2 wt% of PLA-fsi-clay (1.34TCN) nanocomposite. 5 wt% of PLA-fsiclay nanocomposites showed uneven surface due to the non-homogeneous particle distribution as shown in Figs. 1b and 2b . Figures 1c and 2c showed that agglomeration was observed in 10 wt% of PLA-fsi-clay nanocomposites. This was due to the discrete distribution of pores and size of pores increased substantially with higher loadings of clays. Besides the additional hydroxyl groups the clays could not form bonding with PLA-fsi matrix and thus, PLA-fsi-clay nanocomposites had poor adhesion at higher clay loadings (5 and 10 wt%) due to their high surface energy. Therefore, it showed that 2 wt% of PLA-fsi-clay nanocomposites showed better surface morphology compared to 5 and 10 wt%. In addition, with comparison between the various types of clay, clay (1.28E) showed the best compatbility with PLA-fsi matrix. There was no aggregation formed at the surface of PLA-fsi-clay (1.28E) nanocomposite. This indicated better compatibility between clay (1.28E) and PLA-fsi matrix. Besides, PLA-fsi-clay (1.34TCN) nanocomposites showed non-uniform dispersion of clays into PLA-fsi matrix which produced pores and agglomerates on the surface as shown in Fig. 2b , c. The higher clay loadings prevented the aggregates to be break into a single particle due to the strong interaction existed among the nanoparticles [23] . This showed that clay (1.28E) was much compatible compared to clay (1.34TCN) to be introduced into PLA-fsi matrix. The higher percentage of clay loadings produced pores that acted as a stress propagation which was reflected in the physical and mechanical properties as well as thermal stability.
Tensile properties analysis
The tensile strength and tensile modulus of PLA-fsi-clay nanocomposites were shown in Figs. 3 and 4 , respectively. It was significantly observed that various clays and clay weight loadings impact on tensile strength and modulus of PLA-fsi-clay nanocomposites. Figure 3 showed a comparison of the tensile strength between two types of clays (1.28E and 1.34TCN) with three different weight percentages (2, 5 and 10 wt%). Overall, it was clearly showed that 2 wt% of all types of clays had higher tensile strength compared to 5 and 10 wt% of PLA-fsi-clay nanocomposites. 2 wt% of PLA-fsi-clay (1.28E) nanocomposite exhibited the highest tensile strength (0.067 GPa) compared to 10 wt% of PLA-fsi-clay (1.34TCN) with the lowest tensile strength value (0.041 GPa). The tensile modulus of PLA matrix is 0.058 GPa [24] . This showed that clay incorporation improved the PLA matrix. However, when the clay loading increased, more pores were formed and their size increased, which resulted in a gradual decrease in the tensile strength of the nanocomposites. The introduction of 2 wt% silica nanoparticles showed lower tensile strength compared to 2 wt% of PLA-fsi-clay nanocomposites [25, 26] . Besides, the addition of clay nanoparticles into PLA matrix enhanced the tensile strength up to 0.035 GPa which is significantly lower than 2 wt% of PLA-fsi-clay nanocomposites [27] . Figure 4 represented the tensile modulus of the PLA-fsi-clay nanocomposites. The tensile modulus of PLA matrix was 3.3 GPa [28] . From Fig. 4 , it showed that 2 wt% of PLA-fsi-clay (1.28E) nanocomposite had the highest tensile modulus (3.89 GPa) while 10 wt% of PLA-fsi-clay (1.34TCN) nanocomposite showed the lowest tensile modulus with value of 0.16 GPa. This was clearly showed that lower clay loading (2 wt%) improved the tensile modulus compared to the higher clay loadings (5 and 10 wt%) as well as the PLA matrix. It was evident that the presence of a small amount of clay largely improved the tensile modulus of the nanocomposites and reached the maximum of clay at 2 wt%.
The improvements in tensile strength and modulus were ascribed to the presence of clay nanoparticles. Clay nanoparticles provided good compatibility and interfacial combination strength toward PLA-fsi matrix. In addition, a stable hindrance layer was formed between clay particles which inhibited the agglomeration and thus improved the dispersion of the clay within PLA-fsi matrix significantly [29] . Besides, favorable technique used enhanced the nano-sized clay to form a strong barrier between the micro-voids. This would produce an ultra-high interfacial area and ionic bonds between the nanoclay and PLA-fsi matrix, which resulted in highly increased tensile strength and modulus [1, 30, 31] .
It was clearly showed that 2 wt% of clay loaded nanocomposites performed better in both tensile strength and modulus compared to 5 and 10 wt% clay loaded nanocomposites. This was due to the nanoscale size clay were dispersed uniformly in the PLA matrix with high aspect ratio at lower loading, which improved the nanofiller contact surface with the polymer matrix [32] . This could also lead to strong adhesion between polymer matrix and clay [33] . However, the filler-filler interaction created agglomerates in higher clay loading, which caused local stress concentration that led to poor tensile strength and modulus [34, 35] . Overall, PLA-fsi-clay (1.28E) nanocomposites showed the best tensile properties because the clay (1.28E) contained trimethyl stearyl ammonium, which imparted anti-wetting property and caused the surface of PLA-fsi-clay (1.28E) nanocomposites to become hydrophobic [36] . This proved that clay (1.28E) was compatible to be added into PLA-fsi matrix. Furthermore, 2 wt% of PLA-fsi-clay nanocomposites enhanced the tensile strength and modulus of nanocomposites compared to 5 and 10 wt%. These results were also in good agreement with the previously discussed results from the SEM morphology.
Thermal analysis (TGA)
The impact of fumed silica and clay on the thermal degradation of PLA-fsi-clay nanocomposites was analyzed by thermogravimetric analysis. There were two steps in the thermal decomposition of nanocomposites, namely the moisture loss of trapped solvent and weight loss due to dehydration process (below 300°C) [37] .
The first step degradation was occurred at 200°C while the second step degradation was occurred at 350°C for all the nanocomposites. According to Fig. 5 , PLA-fsi-clay (1.28E) nanocomposite exhibited a small weight percent loss of 3.8, 6.7 and 8.7% below 300°C. It was obvious that the removal of absorbed water on the surface of the nanocomposites. At second stage, 2 wt% of PLA-fsi-clay (1.28E) nanocomposite showed the highest weight percent loss (12.05%) among all the nanocomposites while 10 wt% of PLA-fsi-clay (1.34TCN) nanocomposite showed the lowest weight percent loss with value of 1.53%, as shown in Figs. 5 and 6. The corresponding temperature of 2 wt% of PLA-fsi-clay nanocomposites shifted to higher led to better thermal stability. The improved thermal stability of the 2 wt% of PLA-fsi-clay nanocomposites were attributed to the clay acted as compatibilizer that Weight Percent Loss (%)
Temperature (°C)
PLA-fsi-clay (1.28E) nanocomposite, 2wt% PLA-fsi-clay (1.28E) nanocomposite, 5wt% PLA-fsi-clay (1.28E) nanocomposite,10wt% retarded the motion of polymer chain [38, 39] . Furthermore, fumed silica which had been highly dispersed in the nanocomposites enhanced the thermal properties [40, 41] . The final degradation temperature of PLA-fsi-clay (1.28E) nanocomposites were high compared to It was concluded that the 2 wt% of clays was compatible with PLA-fsi matrix and thus, increased the thermal stability of PLA-fsi-clay nanocomposites compared to 5 and 10 wt% of the nanocomposites. PLA-fsi-clay nanocomposites showed 10-20% of residue at 500°C which proved that this nanocomposite was much thermal resistant compared to PLA-polycaprolactone (PCL) nanocomposites with no residue at 405°C [42] . Table 2 showed the thermal characteristics such as initial temperature (T i ), maximum rate loss temperature (T m ) and final decomposition temperature (T f ) as well as the activation energy. The activation energy could be helpful in reaching conclusions about the thermal stability of PLA-fsi-clay nanocomposites. Arrhenius equation was used to determine the activation energy [43] . The higher activation energy implied higher thermal stability. It was found that the activation energy of PLA-fsi-clay (1.28E) nanocomposites was significantly higher than PLA-fsi-clay (1.34TCN) nanocomposites. Clay (1.28E) at low loading increased the thermal stability because they created a physical protective barrier on the surface of the nanocomposites [44] . Besides, the complex structure of surface modified clay (1.28E) at low loading would delay the volatilization in the nanocomposites [45] .
Overall, the lower clay loading (2T) enhanced the thermal stability of PLA-fsiclay nanocomposites. Moreover, the incorporation of clays especially clay (1.28E) into PLA-fsi matrix successfully improved thermal stability of PLA-fsi-clay nanocomposites that reflected in other results.
Conclusion
PLA-fsi-clay nanocomposites were prepared by solution-intercalation film-casting method and successfully investigated the physical, mechanical and thermal properties of nanocomposites as well as the compatibility of different types of Weight Percent Loss (%)
Temperature (°C)
PLA-fsi-clay (1.34TCN) nanocomposite, 2wt%
PLA-fsi-clay (1.34TCN) nanocomposite, 5wt%
PLA-fsi-clay (1.34TCN) nanocomposite, 10wt% clay with various weight loadings into PLA-fsi matrix. A good dispersion of the clay in PLA-fsi matrix was significantly achieved for clay loadings at 2T, with better surface morphology. Incorporation of 2T of clay (1.28E) showed the best adhesion and compatibility with PLA-fsi matrix among all the nanocomposites. The tensile strength and modulus of PLA-fsi-clay nanocomposites were significantly enhanced by the introduction of low clay loading (2T). TGA result proved that 2T of clay (1.28E) acted as compatibilizer and protective barrier on PLA-fsi-clay nanocomposite surface improved the thermal stability and activation energy. Overall, 2T clay loading and clay (1.28E) had proven to be the optimum formulation that produced PLA-fsi-clay nanocomposites with the best thermo-mechanical and morphological properties and better compatibility with PLA-fsi matrix. Besides, clay (1.28E) in the nanocomposite showed better properties compared to clay (1.34TCN).
